AND CONCLUSIONS
1. The firing patterns of 22 motor neurons were determined by simultaneously recording intracellularly from up to 7 neurons during evoked feedinglike buccal motor programs ( BMPs). Intracellular stimulation of cerebral-buccal interneuron 2 (CBI-2) or tactile stimulation of the odontophore were used to elicit BMPs in a reduced preparation.
2. Evoked BMPs were identified as either ingestive-like (iBMP) or egestive-like (eBMP) on the basis of their similarity to those previously recorded in select neurons in freely behaving animals. Neurons were divided into the p-group, r-group, or c-group, on the basis of the phase relationships of rhythmic membrane depolarizations and hyperpolarizations during evoked BMPs. Depolarization of the p-, r-, and c-group neurons was associated with radular protraction, retraction, and closure, respectively. With one exception, the motor neurons segregated into the same groups during iBMPs and eBMPs. The exception, B7, was categorized as a c-group neuron during iBMPs, but as an r-group neuron during eBMPs.
3. Every motor neuron exhibited cyclic membrane depolarizations and hyperpolarizations, and over one-half of the neurons fired bursts of action potentials, during both iBMPs and eBMPs. The neurons fired in patterns that would be likely to release both their conventional and peptide transmitters.
4. A marked hyperpolarizing step in the p-group neurons coincident with a depolarization in the r-group neurons was observed during both iBMPs and eBMPs, suggesting a degree of shared premotor circuitry for the two BMPs.
5. A shift in the timing of activity in c-group neurons relative to that in p-and r-group neurons during iBMPs and eBMPs was observed and correlates well with the shift in phase of radular closure relative to protraction and retraction, which is useful in distinguishing ingestion from egestion in the behaving animal.
6. The firing patterns recorded in neurons that innervate overlapping populations of muscle fibers suggested that there would be complex interactions of multiple transmitters. This is particularly intriguing in the case of 13a muscle fibers, which are innervated by two excitatory and one inhibitory neuron. The firing patterns recorded in these neurons suggest that the inhibitory motor neuron may serve to not only block inappropriate contractions, but also to specifically shape evoked contractions during feeding.
INTRODUCTION
Rhythmic stereotyped behaviors are controlled by central motor programs. Once initiated, a motor program evokes a complete cycle of muscle movements of the correct phase and duration to produce a behavior (Marsden et al. 1984) . Motor programs are generated by neuronal circuits known as central pattern generators ( CPGs), which may or may not include the motor neurons themselves (Getting 1989; Pearson 1993; Selverston 1993) . In many cases these CPGs are capable of generating more than one motor program. For example, overlapping populations of CPG neurons have been implicated in locomotion and scratching in cats (Gelfand et al. 1988 )) hatching and walking in chicks (Bekoff et al. 1987) , three discrete forms of scratching in the turtle (Mortin and Stein 1989) , swimming and struggling in Xenopus (Soffe 1993 ) , and gastric mill and pyloric rhythms in stomatogastric systems of crustaceans (Elson and Selverston 1992; Harris-War-rick and Marder 199 1; Harris-Warrick et al. 1992; Weimann et al. 1991) .
Many of the underlying principles governing the neuronal basis of behavior have been elucidated through studies on relatively simple invertebrate systems (Getting 1989; Harris-War&k and Marder 199 1; Pearson 1993) . Feeding behavior has been studied in a number of mollusks (e.g., Benjamin 1983; Benjamin and Elliott 1989; Gelperin et al. 1978; Gillette et al. 1982; Reingold and Gelperin 1980) , including Aplysia (Botzer et al. 199 1; Kupfermann 1974a,b; Kupfermann et al. 199 1; Nagahama and Takata 1988; Schwarz et al. 1988; Scott and Kirk 1992; Susswein et al. 1976 Susswein et al. , 1986 Teyke et al. 1990; Ziv et al. 199 la-d) . In Aplysia the feeding apparatus includes the toothed grasping surface of the radula, the odontophore, and the muscles that regulate their movement (Howells 1942) . Appetitive feeding behavior consists primarily of directed head turning, which serves to orient the animal toward food. Consummatory feeding behavior includes two ingestive phases (biting and swallowing) and one egestive phase. The ingestive phases serve to draw food through the buccal cavity and into the esophagus, whereas the egestive phase expels any inedible objects that are inadvertently drawn into the buccal cavity. Biting responses can be elicited by exposure of the lips to chemosensory stimuli such as seaweed extract, whereas swallowing requires an associated tactile stimulation of the inner surface of the buccal cavity. Contacting the posterior surface of the odontophore with an inedible object results in egestion. At rest, the radula is open and located within the buccal cavity. During a bite, the radula is open as it rotates forward and protracts toward the mouth. The radula begins to close before the peak of protraction and remains closed as it retracts. Finally, the radula opens and protracts back to the rest position, and the cycle repeats. Swallowing is similar to biting, except that it is associated with peristaltic contractions of the esophagus, the radula is never fully protracted and is often retracted for a longer period of time. In contrast, during egestion, the ra-dula is closed as it protracts toward the mouth and open as it retracts back to rest and does not appear to rotate backward beyond the rest position (Morton and Chiel 1993a; Weiss et al. 1986 ).
The eight intrinsic muscles (Howells 1942; Scott et al. 199 1) that evoke movements of the feeding apparatus are regulated by motor neurons located in the buccal ganglia. Over 20 of these neurons have been uniquely identified and characterized in terms of soma size and location, axonal projection, muscle innervation, and expression of conventional and neuropeptide transmitters (Church and Lloyd 199 1; Lloyd and Church 1994) . For a number of these neurons, the stimulation requirements for the release of conventional and peptide transmitters have been analyzed, and, in some cases, the physiological consequences of this release have been determined (Church et al. 1993; Cropper et al. 1990b; Weiss et al. 1992; Whim and Lloyd 1990, 1993; Whim et al. 1993) .
Although the behavioral aspects of feeding in Aplysia have been well described, much less is known about the firing patterns of motor neurons during feeding. This is primarily due to the difficulty in recording the activity of identified motor neurons in a behaving animal. However, investigators have taken advantage of the fact that the 15 muscle (also termed the accessory radular closer, ARC) is innervated primarily by two excitatory motor neurons (B 15 and B 16 ) that evoke excitatory junction potentials ( EJPs) that are distinguishable. By implanting a wire electrode in the 15 muscle, B15 and B16 evoked EJPs were recorded during biting, swallowing, and egestion (Cropper et al. 1990a) . Of course, subthreshold activity in the neurons could not be determined by this method. Unfortunately, other muscles of the buccal mass have more complex innervation, which make it much more difficult to determine specific motor neuron firing patterns from extracellular recordings. However, a variety of in vitro preparations will generate feedinglike buccal motor programs (BMPs) and are accessible to intracellular recordings. With the use of these approaches, investigators have been able to study firing patterns of identified neurons during BMPs (Chiel et al. 1990; Kirk 1989; Plummer and Kirk 1990; Rosen et al. 199 1; Susswein and Byrne 1988; Weiss et al. 1986 ). In some cases, extracellular recordings from behaving animals have later been associated with identified neurons upon dissection (Morton and Chiel 1993b) .
Although the motor neurons that generate the cyclic motor output are located in the buccal ganglia, several neurons located in the cerebral ganglia may be responsible for the initiation and modulation of their output (Chiel et al. 1990; Rosen et al. 1979 Rosen et al. , 1982a Weiss et al. , 1986 . Indeed, lesioning of the cerebral-buccal connectives (CBCs) eliminates the ability of the animals to ingest food (Kupfermann 1974b) . The neuronal control of consummatory feeding in Aplysia appears to be hierarchically organized and under the control of relatively few commandlike neurons Weiss 1978, 1986; Rosen et al. 199 1) . A group of cerebral-buccal interneurons (CBIs) have recently been described that may control feeding. The evidence is particularly strong in the case of CBI-2, which is excited when food stimuli is applied to the lips and when stimulated with intracellular electrodes, elicits a rhythmic BMP that resembles that recorded in vivo during biting (Rosen et al. 1991) .
In the present study we use tactile stimulation of the posterior odontophore and intracellular stimulation of CBI-2 to elicit BMPs in a reduced preparation. The evoked BMPs were identified as either ingestive-like (iBMP) or egestivelike (eBMP), on the basis of their similarity to those previously recorded in select neurons in freely behaving animals (Cropper et al. 1990a; Lloyd et al. 1988; Morton and Chiel 1993a,b; Rosen et al. 199 1) . By using simultaneous multiple intracellular recordings, we were able to characterize the activity in 22 identified motor neurons in terms of firing frequency, burst duration, and relative phase of activity. We confirmed the finding that patterns of activity in neurons B8A, B8B, and B 10 can be used to distinguish between iBMPs and eBMPs (Morton and Chiel 1993a,b) and extended those findings to include a large number of identified neurons. The shift in relative phase of activity between groups of neurons is the neuronal correlate to the switch in relative phase of muscle contractions, which distinguishes ingestion from egestion. This characterization provides a framework of motor neuron activity that should prove helpful in identifying the premotor circuitry of the CPG.
METHODS

Animals
Aplysia calijbmica (220-500 g) were obtained from Marinus (Long Beach, CA), maintained in circulating artificial sea water (ASW) at 16°C and fed dried seaweed every 3 days. Animals were isolated at room temperature (22°C) without access to food for l-2 days before an experiment (Weiss et al. 1986 ).
IdentiJication of buccal motor neurons
Animals were immobilized with an injection of isotonic MgC12. The dissection was carried out in ASW containing three times normal Mg2+ ( 165 mM) and Ca2+ (33 mM). Occasionally, the dissection was carried out in a high-Mg2+ ( 1 10 mM), low-Ca2+ (0.5 mM) ASW with no effect on the results. The preparation is similar to that described elsewhere (Morton and Chiel 1993b; Rosen et al. 199 1) . The buccal mass and buccal and cerebral ganglia were removed from the animal. The peripheral cerebral nerves were severed, but innervation between the cerebral and buccal ganglia was left intact via the CBC. Innervation to the buccal mass was left intact via both branches of the radular nerve and buccal nerves 1, 2, and 3 (n 1, n2, and n3) (nerve designations from Gardner 197 1; muscle nomenclature from Howells 1942; Scott et al. 199 1) . The ventral surfaces of the cerebral ganglia were desheathed as were the rostra1 and caudal surfaces of the buccal ganglia. Neurons were identified by their position, size, nature of synaptic input, and muscle innervation patterns (Gardner 197 1; Church and Lloyd 199 1; Church et al. 1993 ) . After neuron identification, in most experiments, buccal nerves n 1, n2, and n3 were severed and the preparation superfused for l-2 h with normal ASW ( nASW). Although deafferentation of the buccal ganglia has been found to increase the cycle length of evoked BMPs, the relative timing of firing in identified neurons remained consistent (Morton and Chiel 1993a,b) . In preliminary experiments in which all buccal nerves were left intact, activity recorded in identified neurons during evoked BMPs was correct in timing and within the frequency range recorded in preparations in which the nerves were severed (see below).
Evoked buccal motor programs Activity in identified neurons was recorded with the use of single-barrel microelectrodes (3-10 MQ resistance). iBMPs were elicited via intracellular stimulation of CBI-2 with constant depolarizing current ( Rosen et al. 199 1) . eBMPs were elicited via brief ( <2 s) tactile stimulation of the 14 muscle at the point of insertion to the odontophore (Morton and Chiel 1993b) . In total, iBMPs were recorded in 22 preparations, and eBMPs were recorded in 33 preparations. Both iBMPs and eBMPs were recorded in seven of those preparations. For each neuron, iBMPs and eBMPs were recorded from a minimum of four different preparations, although, for the majority of neurons, this number was much greater.
Neuromuscular experiments
In all neuromuscular experiments the ganglia were pinned in a small elevated chamber isolated from the main chamber by a petroleum jelly (Vaseline) wall and selectively superfused with highMg2+ high-Ca2+ ASW to increase firing threshold and inhibit spontaneous activity. The remainder of the bath containing the buccal muscles was superfused with nASW unless otherwise indicated. Individual spikes were driven by brief ( 10 ms) depolarizing current pulses. Reproducible submaximal 16 or 18 muscle contractions were evoked by stimulating B 13 at 10 Hz for 2.5 s with an interburst interval of 100 s or B48 at 16 Hz for 1.6 s with an interburst interval of 50 s. Contraction amplitudes were monitored with an isotonic transducer (Harvard Apparatus). All experiments were performed at room temperature (22°C).
Peptide svnthesis in ident$ed newms e Synthesis of methionine-containing peptides in B13 and the newly identified motor neuron B48 were determined as previously described (Church and Lloyd 199 1) . Briefly, identified neurons were electrophoretically injected with a vital stain ( 1% Fast Green) via an intracellular electrode and peptides labeled with 1 mCi /ml 35S-methionine ( Amersham; stabilized with pyridine 3,4 dicarboxylic acid) for 20 h, followed by a 4 h wash in nASW containing 1 mM unlabeled methionine. Single cell bodies were dissected and transferred to microtubes containing 50 ~1 of 0.02 M trifluoroacetic acid (TFA) and 1 nmol each of synthetic buccalin A (American Peptide), FMRFamide (Bachem), myomodulin A, small cardioactive peptides (SCPs) A and B (Peninsula). Tubes were heated to 100°C for 10 min and the samples filtered and analyzed by reversed phase high-performance liquid chromatography (RP-HPLC) on a Aquapore RP-300 C8 column (Pierce) with the use of a CH,CN gradient and 0.0 1 M heptafluorobutyric acid (HFBA) as a counterion. Fractions were collected, aliquoted, and liquid scintillation counted. Some fractions were also subsequently analyzed with the use of a second CH,CN gradient with 0.0 1 M TFA as a counterion (Church and Lloyd 199 1) . Elution profiles of synthetic peptides were determined from absorbance at 215 nm.
RESULTS
Identification of neurons .
The majority of neurons utilized in this study have been previously identified and characterized ( Fig. 1 ; Table 1 ) (Church and Lloyd 199 1; Church et al. 1993; Gardner 197 1; Lotshaw and Lloyd 1990; Rosen et al. 199 1) . However, early in this study it became clear that significant components of the motor output could be attributed to a previously unidentified motor neuron (B48) and a previously identified premotor neuron (B13) (Ono 1986 (Ono , 1989 ) that Diagram of the caudal surface of a buccal ganglion illustrating the relative size and location of many motor neurons included in this study. A similar diagram of the motor neurons located on the rostra1 surface has been previously published (Church and Lloyd 199 1) . Nerve designations are from Gardner ( 197 1; see also Kandel 1979) .
we have now determined is also a motor neuron. B48 was -60 ,urn diam (300-g animals) and was located on the cauda1 surface of each ganglion, adjacent to B 13 ( Fig. 1) . On the basis of Lucifer yellow fills and suction electrode nerve recordings, B 13 and B48 each have a single major axon that projects out n3. Stimulation of B 13 or B48 evoked one-forone constant latency EJPs in the 16 or 18 muscle, respectively, even when the entire preparation was superfused with high-Mg2+ high-Ca2' ASW to suppress firing in other neurons. When the odontophore was in the resting position, stimulation of B 13 evoked a forward rotation of the radula while stimulation of B48 evoked a protraction and opening of the radula.
The majority of buccal motor neurons are cholinergic, although a few appear to use an excitatory amino acid as their conventional transmitter (Church et al. 1993; Cohen et al. 1978; Lloyd and Church 1994; Fox and Lloyd 1993) . Hexamethonium is a selective blocker of excitatory cholinergic responses in Apfysia neuromuscular synapses (Church et al. 1993; Cohen et al. 1978; Lotshaw and Lloyd 1990) . Superfusion of 5 X 1 Om4 M hexamethonium over the 18 muscle reversibly reduced the amplitude of B48-evoked contractions (94 t 1% reduction, mean t SD, n = 3 ). Hexamethonium has previously been shown to block Bl3-evoked excitatory postsynaptic potentials ( EPSPs) in follower buccal neurons (Ono 1989). We found that Bl3-evoked 16 muscle contractions were also reduced by 5 X NV4 M hexamethonium (57 t 22% reduction, n = 3). We believe that hexamethonium was less effective at antagonizing B13-evoked contractions because the I6 muscle is located deep within the buccal mass and is less accessible to compounds in the superfusate. Therefore B 13 and B48 appear to be cholinergic.
Synthesis of methionine-containing neuropeptides by B 13 and B48 was determined. B48 expressed myomodulin A (Mma) and a second smaller peak (Fig. 2) . The smaller peak has been observed in all Mma synthesizing neurons analyzed thus far and is likely to include myomodulin B iBMP and eBMP, ingestive-like and egestive-like buccal motor program, respectively; ACh, acetylcholine; SCPs, small cardioactive peptides; CCK, cholecystokinin; Mms, myomodulins; Fa, FMRFamide; Bns, buccalins. a Values represent the maximum frequencies measured over 1 s typically observed during evoked BMPs. Instantaneous frequenices were higher. b ACh, cholinergic nature of neurons determined by measuring intracellular choline acetyl-transferase activity and in many cases the sensitivity of the excitatory junction potentials to the choline@ antagonist hexamethonium. ' Fa, + indicates that in addition to FMRFamide, these neurons synthesize a methionine-containing peptide of unknown sequence. In all cases, neurons may synthesize other peptides that lack methionine residues. The presence of the CCK-like peptide in B 13 is based on immunocytological evidence only (Ono 1986). d Muscle designations from Howells ( 1942) , also see Scott et al. (199 1) . i, ipsilateral; c, contralateral; I, intrinsic buccal muscle; a, anterior; m, medial; p, posterior. e Movement evoked in buccal mass by stimulation of the motor neuron in a reduced preparation in the presence of high-Mg2+ high-Ca2' artificial seawater. Before stimulation the buccal mass was in the rest position (see Weiss et al. 1986 ). f Likely to be glutamate based on pharmacological procedures and by positive staining of B3, B6, and B38 fibers with an antiserum directed against glutamate (Fox and Lloyd 1993) . g Stimulation of the neuron evoked only small or ill-defined movements. Functionally, evoked movements would depend on the position of the feeding apparatus and the coactivation of other motor neurons. h B7 is included in 2 groups (see text). (Church and Lloyd 199 1; Cropper et al. 199 1) . Aliquots from the labeled peaks that coeluted with synthetic Mma were run on RP-HPLC with TFA as a counterion and the identification of Mma was confirmed. The percentage of recovered counts in B48 that coeluted with synthetic Mma was 12.4 t 10.2% (n = 4). This rate of expression is within the range reported for a variety of peptides expressed in other buccal neurons (Church and Lloyd 199 1; Church et al. 1993; Lotshaw and Lloyd 1990) . With the use of the same procedure, we found that B 13 did not synthesize measurable quantities of any of the peptides included in our study (Mma, SCPs, FMRFamide, or buccalins; n = 4; Fig.  2 ). However, it should be noted that B13 has previously been shown to exhibit immunoreactivity for a cholecystokinin/gastrin-like peptide (Ono 1986), so it may synthesize one or more peptides that lack methionine residues.
IdentiJication of iBMPs and eBMPs in a reduced preparation Previous studies have shown that during ingestive behaviors, spiking activity ( 15-20 Hz) in buccal motor neuron B 16 precedes that in B 15 ( 7.5-12 Hz), after which they fire together. During egestion, B 16 fires at up to 20 Hz, but B 15 is silent (Cropper et al. 1990a ). In addition, B8A, B8B, and BlO fire together during the iBMP, but spiking in B8A and B8B ceases before the onset of activity in B 10 during the eBMP (Morton and Chiel 1993b) . In the present study the activity of these neurons recorded intracellularly was used to distinguish between iBMPs and eBMPs.
Burst patterns in identiJied buccal motor neurons during evoked ingestive-like BMPs Intracellular depolarization of CBI-2 has previously been shown to evoke an i BMP that continues to cycle as long as CBI-2 fires above 10 Hz ( Rosen et al. 199 1) . Although the cycle durations during CBI-2-evoked BMPs are quite variable, the phase relationships between neurons were consistent. Neurons could be loosely divided into three groups according to the relative phases of rhythmic hyperpolarizations and depolarizations they consistently expressed during evoked BMPs. Clearly, these groupings are an oversimplification, because, although the timing of subthreshold depolarizations and hyperpolarizations recorded in neu- Example of reverse phase high-performance liquid chromatography (RP-HPLC) of extracts from single B 13 and B48 neurons dissected from the same ganglion labeled with 35S-methionine. Cell extracts were run with heptafluorobutyric acid (HFBA) as a counterion. Retention times of synthetic peptides are indicated by dashed lines. Unincorporated methionine is the predominant component of the large peaks with brief retention time ( <3 min). B 13 did not express significant amounts of any of the peptides included in this study. B48 had a major labeled peak that had a retention time identical to that of synthetic myomodulin a (Mma). This identity was confirmed by running aliquots from the Mma peaks on RP-HPLC with trifluoroacetic acid (TFA) as a counter-ion. The smaller peak indicated by the asterisk probably includes Mmb (Cropper et al. 199 1) . Peptides: buccalin a (Bna), FMRFamide (Fa), myomodulin a (Mma), and small cardioactive peptides (SCPs) A and B (A, B).
rons within the same group was very similar, spiking activity varied significantly.
The first group consists of identified neurons B3, B4, B5, B6, B9, B 10, B 11, B 15, B39, B43, B44, and B45 (Table 1) . These neurons, which innervate the 11,13, and 14 muscles, are depolarized during radular retraction and will be referred to as the r-group. In addition to being retractor motor neurons, B4 and B5 are also premotor and putative pattern initiating neurons (Gardner 1977; Sossin et al. 1987) . During evoked iBMPs the r-group neurons exhibit rhythmic hyperpolarizations and depolarizations in phase with one another (Figs. 3-5) . The depolarizations were quite variable in duration (4-10 s), but usually sufficient in amplitude to elicit a burst of spikes in each neuron. Typically, spiking in B4 and B5 started earlier within the depolarization than did spiking in the other r-group neurons. Overall, each neuron was observed to fire at frequencies as high as 10 Hz, with B3, B4, and B5 occasionally firing at up to 20 Hz (frequencies determined as number of spikes occurring in a l-s interval; instantaneous firing frequencies were higher). However, in any given preparation, some of these neurons occasionally fired only a few spikes or did not fire at all.
Within a preparation, spiking activity is quite distinct between different members of the p-group. During an iBMP, B 1 and B2 usually cycled below threshold and rarely evoked > 1 or 2 spikes/cycle (Fig. 6 ). In the absence of an evoked BMP, B 13 often exhibited spontaneous cycling that was either subthreshold or elicited only a few spikes, and lacked the marked hyperpolarizing step that is a distinctive feature of the p-group neurons, including B13, during evoked BMPs (Fig. 6 ). During iBMPs, B 13 fired bursts of spikes that lasted up to 15 s and reached frequencies as high as 10 Hz. These bursts terminated before the end of the bursts in B47 and B48 (see below and Fig. 6 and 8 ). During iBMPs, B38 fired in bursts that began immediately after the termination of the hyperpolarizing step. These bursts lasted up to 10 s and reached frequencies of 10 Hz. In addition, B38 occasionally fired a few spikes later in the cycle (Fig.  6 ). B47 was often tonically active ( <5 Hz) or spontaneously cycling, firing spikes at up to 10 Hz for 8 s (Fig. 6) . During iBMPs, B47 fired at frequencies as high as 30 Hz for up to 25 s. In addition, B47 typically fired a brief ((3 s) burst of spikes, just after the termination of the hyperpolarizing step. It should be noted that, on the basis of the relative phase of its marked hyperpolarizing step, B47 is a pgroup neuron. However, because B47 is an inhibitory motor neuron, it may be more appropriate to consider it functionally out-of-phase with the p-group. B48 often spontaneously cycled in a manner similar to B47. During iBMPs, B48 was active for up to 25 s at frequencies as high as 25 Hz, although this was often interrupted by brief ( <5 s) periods of inactivity. In addition, B48 fired a burst of spikes just after the termination of the hyperpolarizing step (Figs.  6 and 8) . The second group includes Bl, B2, B13, B38, B47, and
The third group of neurons includes B7, BSA, B8B, and B48, neurons, which innervate a number of different mus-B 16. B7 innervates 16, the B8s innervate 14, and B 16 innercles (Table 1) . On the basis of visual observations of buccal vates 15. With the exception of B7, stimulation of each of mass movements, each of these neurons is depolarized in these neurons evokes radular closure (Cohen et al. 1978 ; phase with radular protraction during evoked iBMPs, and Morton and Chiel 1993b) ; thus these neurons were termed therefore will be referred to collectively as the p-group. It should be noted, however, that although stimulation of B 13 evokes a forward rotation of the radula and stimulation of B48 evokes protraction and opening of the radula, the other p-group neurons regulate quite distinct movements (Table  1) . B 1 and B2 are excitatory motor neurons to the gut, B38 is an excitatory motor neuron to the anterior jaw muscle (13a), and B47 is an inhibitory motor neuron to the 13a (Church et al. 1993; Lloyd et al. 1988) . In the present study the defining characteristic of p-group neurons was a large in-phase hyperpolarizing step recorded in each member during evoked BMPs (Figs. 6 and 8) . This large step is capable of hyperpolarizing p-group neurons up to 40 mV from their previously depolarized level in the cycle (up to 15 mV from rest potential; Fig. 6 ). This hyperpolarizing step occurs nearly simultaneously (within -10 ms; Fig.  8B ) with the depolarization observed in r-group neurons. However, due to other synaptic activity and the relatively small amplitude of the EPSPs that give rise to the depolarization in the r-group, it could not be determined whether or not the same presynaptic neurons were responsible for generating the hyperpolarizing step in the p-group and the depolarization in the r-group. the c-group. B7 innervates the 16 muscle, and its functional significance has not been determined. During iBMPs, spiking in c-group neurons begins before that in r-group neurons, then both the c-and r-groups fire together, and both groups are then hyperpolarized ( Figs. 7 and 8 ; also see Figs. 3 and 4) . Neurons in the c-group are active for up to 25 s at frequencies reaching 10 Hz in B7, B8A, and BSB, and 20 Hz in B16.
Burst patterns in idenhjied buccal motor neurons during evoked eBMPs
Brief tactile stimulation (~2 s) of the posterior odontophore reproducibly evoked an eBMP. We chose not to utilize nerve stimulation to elicit eBMPs because every neuron (including motor neurons) that sends axons out the nerve would be antidromically stimulated, rather than just those sensory neurons that are normally active in initiating an egestive response in a behaving animal. In addition, we chose not to rely on stimulation of identified premotor neurons (B3 1 /B32) (Susswein and Byrne 1988) to elicit an egestive response because, although stimulation of these neurons does produce an eBMP, they are also active during iBMPs (Rosen et al. 199 1) (also see DISCUSSION) .
Tactile stimulation typically evoked a single cycle of an eBMP, although up to four cycles were recorded in response to a single stimulus. During eBMPs, 21 of the 22 motor neurons segregated into the same 3 groups as they did during iBMPs. The one exception was B7, which was active in time with the r-group during eBMPs rather than the cgroup, as observed during iBMPs. The functional significance of this switch is unclear. It is worth noting that B7 also differs from all of the other characterized motor neurons in that it alone receives mixed E/ IPSPs from multifunction neurons B4 and B5. A major difference between the iBMPs and eBMPs was the relative phase of membrane cycling between the three groups of neurons (see Fig. 14) . In both BMPs, r-group and p-group neurons continued to cycle out-of-phase, with the hyperpolarizing step recorded in the p-group occurring coincident with the depolarization of the r-group. However, during eBMPs, bursts in c-group neurons terminated before the onset of the depolarization recorded in the r-group. This differed from activity recorded during iBMPs, where c-group neurons were most active during the depolarization recorded in r-group neurons.
Activity recorded in r-group neurons during eBMPs
After tactile stimulation of the odontophore, a burst of spikes was elicited in B4 and B5 that lasted up to 15 s. This burst was not due to antidromic action potentials invading B4 and B5 somata, because the peripheral axons of these rons also lasting up to 15 s and a second burst in B4 and B5, neurons were severed in most experiments. This initial which began coincident with a depolarizing step in the reburst was followed by a period of inactivity in those neu-maining r-group neurons, which lasted up to 15 s ( iBMP as recorded in each of the p-group neurons, Bl, B2, B13, B38, B47, and B48. Bursts of spikes were recorded in B47 and B48 before and subsequent to the CBI-2-evoked iBMP. This spontaneous activity lacked the marked hyperpolarizing step characteristic of p-group neurons during either iBMP or egestive-like BMPs (eBMPs). The step hyperpolarizations recorded in the p-group neurons during the evoked iBMP was in phase with hyperpolarizing input to CBI-2. and 10; see also Figs. 12 and 13). The bursts recorded in B4 with previous results indicating that Bl5 does not fire and B5 during eBMPs often reached frequencies as high as spikes during egestion in a behaving animal (Cropper et al. 45 Hz. Depolarization of r-group neurons B 11, B 15, and 1990a). The depolarizations recorded in the remaining r-B39 was usually subthreshold (Fig. 9 ). This is consistent group neurons (B3, B6, B7, B9, B 10, B43, B44, and B45)
RCBI-2 begins 1 st in the p-group neurons (B 13 and B48). The c-group neurons (B8B and B 16) then depolarize and fire spikes at a relatively low frequency. Coincident with the hyperpolarizing step in the p-group neurons is a suprathreshold depolarization in the r-group neurons (B4 nad B5) and an increase in the firing rate of the c-group neurons. Subsequent to the repolarization of the c-and r-group neurons is a depolarization in the p-group neurons sufficient to elicit a burst of spikes in B48. Spikes in CBI-2 are attenuated, due to electrode blockage.
were usually sufficient to elicit a burst of spikes (up to 10 motor input. Several neurons in the p-group (B 1, B2, and Hz in each), which began after the onset of spikes in B4 and B 13 ) were hyperpolarized during both the initial and subse-BS (Figs. 9, 10, and 12) . quent bursts of spikes in B4 and B5 during eBMPs. Other p-group neurons (B38, B47, and B48) were each depolarActivity recorded in p-group neurons during eBA4Ps ized during the initial burst of spikes in B4 and B5, and hyperpolarized during the subsequent B4 and B5 bursts Although each of the p-group neurons appeared to re- (Fig. 11) . B38 occasionally fired a few spikes just after the ceive common inputs, clearly some of the activity recorded termination of the hyperpolarizing step. However, the inin these neurons during eBMPs was due to differential pre-hibitory motor neuron B47 was the only p-group neuron after the tactile stimulus, a burst of spikes was elicited in B4. This was followed by a period of inactivity lasting -10 s, followed by a 2nd burst in B4, in phase with depolarization of the remaining r-group neurons. These depolarizations were sufficient to elicit a burst of spikes in B3, B6, and B9, but not in B 11, B 15, and B39. In this and the following 5 figures, an eBMP is evoked by a brief ( <2 s) tactile stimulus to the posterior odontophore (doubleheaded arrow).
that fired extended bursts of spikes during eBMPs. These bursts lasted up to 25 s and reached frequencies of 15 Hz (Fig. 11) . This was true whether or not B47 was spontaneously active before the tactile stimulus.
Activity recorded in c-group neurons during eBMPs
During eBMPs, c-group neurons BSA, BSB, and B16 fired bursts of spikes that lasted up to 15 s, beginning at or near the end of the B4 and B5 bursts and ending just before the onset of the subsequent B4 and B5 bursts (Figs. 12 and  13 ). B8A and B8B fired spikes at frequencies as high as 15 Hz and B 16 fired as high as 25 Hz. Occasionally, an additional short burst of spikes occurred in B16 toward the end of the final B4 and B5 bursts, and often B16 fired at a low frequency ((2 Hz) for several minutes at the end of an eBMP (e.g., Fig. 12 ). These results are consistent with those reported by Cropper et al. ( 1990a) for B 16 and Morton and Chiel ( 1993b) for B8A and B8B.
DISCUSSION
In the present study we have utilized the relatively simple nervous system of Aplysia to investigate the neuronal basis of a behavior. Previous studies have extensively characterized the behavioral aspects of feeding in Aplysia (Chiel and Susswein 1993; Kupfermann 1974a,b; Kupfermann et al. 199 1; Schwarz et al. 1988; Susswein et al. 1978 Susswein et al. , 1986 Teyke et al. 1990; Ziv et al. 199 la-c) . In addition, >20 of the motor neurons that generate the cyclic motor output that underlies consummatory feeding behavior have been characterized in terms of morphology and conventional and neuropeptide transmitter expression (Church and Lloyd 199 1; Church et al. 1993; Cropper et al. 1990b; Gardner 1971; Whim and I.loyd 1989, 1990; Whim et al. 1993 ). However, the firing patterns in freely behaving animals have been determined for only a few of these neurons (Cropper et al. 1990a; Lloyd et al. 1988; Morton and Chiel 1993b) . In the present study we have extended our characterization of the motor neurons of the buccal ganglia by determining the firing characteristics of 22 identified motor neurons during evoked iBMPs and eBMPs. Still, this study is incomplete because some aspects of feeding behavior cannot be explained by activity recorded in these neurons, particularly protraction of the radula during eBMPs.
Activity recorded in buccal neurons during evoked feedinglike motor programs
We used intracellular stimulation of CBI-2 to elicit iBMPs (Rosen et al. 199 1) and tactile stimulation of the posterior odontophore to elicit eBMPs (Morton and Chiel 1993b) in a reduced preparation. Evoked iBMPs and eBMPs were distinguished on the basis of previous studies that recorded the activity of B8A, BSB, B 10, B 15, and B 16 in freely behaving animals (Cropper et al. 1990a; Morton and Chiel 1993a,b) . In a freely behaving animal, evoked An eBMP recorded in each of the p-group neurons, B 1, B2, B13,B38,B47,andB48,andr-groupneuronB4.NeuronsBl,B2,andB13 are hyperpolarized coincident with both the initial and subsequent bursts of spikes in B4. However, r-group neurons B38, B47, and B48 are each depolarized during the initial burst of spikes in B4, and hyperpolarized during the subsequent B4 burst. In this preparation, B47 was spontaneously active (~3 Hz) before and subsequent to the evoked BMP, and fired bursts of spikes during the eBMP.
ingestive responses likely involve the coactivation of the bilaterally symmetrical CBI-2s as well as additional commandlike neurons. However, stimulation of a single CBI-2 routinely evoked iBMPs in reduced preparations. Preparations often exhibited spontaneous activity, including spontaneous eBMPs (see also Susswein and Byrne 1988) . In spontaneously cycling preparations, it often took 1 or 2 cycles after the onset of CBI-2 stimulation before the activity settled into the ingestive-like pattern (see Fig. 7) .
Each of the neurons in our study exhibited a firing pattern that varied in frequency, duration, and times of onset and offset, not only from preparation to preparation, but even between cycles. Part of this variability may be explained by the variability of the synaptic current amplitude and decay time as has been well documented for synaptic connections between B4, B5, and identified motor neurons (Gardner 1988 (Gardner -1990 ). Yet, early on in our investigation it became apparent that the neurons could be segregated into three groups according to the common marked hyperpolarizations and depolarizations they exhibited during evoked iBMPs and eBMPs. These three groupings are clearly an oversimplification because neurons within a group may receive differential inputs. This is most evident in the case of the p-group neurons (Figs. 6 and 11) . With one exception, these neurons remain in the same groups during either iBMPs or eBMPs. B7 appears to be most similar to c-group neurons during iBMPs, but most similar to r-group neurons AND P. E. LLOYD during eBMPs. The functional significance of this switch has not been determined. By segregating identified neurons into three groups according to their phasic membrane oscillations we were able to identify which neurons were coactivated and which were active out-of-phase. In addition, we were able to identify a shift in the relative timing of activity of the neuronal groups that distinguishes iBMPs and eBMPs (see also Morton and Chiel 1993a,b) .
Aplysia buccal muscle fibers are innervated by multiple motor neurons.
For cxamplc, the 13 musclc fibcrs rcccivc input from at lcast 15 dillcrcnt neurons. 'Ihcsc neurons utilized at least three conventional transmitters and cotransmitters from at least four peptide families (Church and Lloyd 199 1; Church et al. 199 1, 1993; Gerschenfeld et al. 1976; Kupfermann and Weiss 1974; Lotshaw and Lloyd 1990) . The amplitude and shape of contractions then depends not simply on the activity recorded in a single neuron, but on the integration by the muscle fibers of all of the input they receive. Furthermore, the functional consequence of a muscle contraction greatly depends on preceding or ongoing contractions in other buccal muscles. In experiments performed with the buccal nerves intact, depolarization and/or spiking in each of the three neuronal groups during evoked iBMPs and eBMPs coincided with radular protraction, retraction, and closure. Thus the groups were given the names p-, r-, and c-group, respectively. Our observed association of activity in identified neurons with specific aspects of feeding behavior correlates well with those previously reported for neurons B15, B16 (Cropper et al. 1990a ), B8A, B8B, and B 10 (Morton and Chiel 1993a,b). t FIG. 12. An eBMP recorded in each of the c-group neurons, 3 B8 neurons, and B 16 and r-group neurons B4, B5, and B7. A single tactile stimulus evoked 2 cycles of an eBMP. Spiking in the c-group neurons terminated before the onset of bursts in B4 and B5. B7 was active in phase with the r-group neurons B4 and B5. Note that the activity is nearly identical in RB4 and LB5, and among the 3 B8 neurons. LB48 LB13 FIG. 13. An eBMP recorded in p-group neurons (B 13 and B48), cgroup neurons ( B8A and B 16)) and r-group neurons ( B4, B 10, and B 15 ) . This figure illustrates synaptic input and firing activity recorded in representative neurons from each of the groups. A single tactile stimulus evoked 2 cycles of an eBMP. The marked hyperpolarizing step recorded in p-group neurons during an eBMP was coincident with a depolarizing step in rgroup neurons, as was the case during iBMPs. Neurons in the c-group fired bursts of spikes that terminated before the depolarizing step recorded in r-group neurons. This differs from iBMPs, where spiking in c-group neurons continued through the depolarizing step recorded in r-group neurons. The depolarizing steps recorded in r-group neurons was sufficient to elicit bursts of spikes in B4 and BlO, but not in B 15.
Behavioral significance
We believe that the activity recorded in neurons in this study during evoked iBMPs and eBMPs closely resembles the neuronal activity underlying consummatory feeding behavior. In a behaving animal, the timing of radular closure relative to its protraction and retraction can be used to discriminate between ingestion and egestion. During ingestion, the radula begins to close just before peak protraction and remains closed throughout its retraction (Kupfermann 1974a) . However, during egestion, the radula is closed during protraction and open during retraction (Morton and Chiel 1993a). Previous studies indicate that radular closure is evoked primarily by activity in c-group neurons B8A and B8B, and B16 (Cropper et al. 1990a; Morton and Chiel 1993a,b) . Stimulation of 13 motor neurons B3, B6, B9, and B 10 (all r-group neurons) evokes retraction of the radula and jaw closure (Church et al. 199 1; Lotshaw and Lloyd 1990; Morton and Chiel 1993b) . During iBMPs, firing in c-group neurons began before and continued with firing in r-group neurons. However, during eBMPs, firing in c-group neurons ceased just before the onset of firing in r-group neurons (Fig. 14) (see also Morton and Chiel 1993a,b) . This shift in the relative phase of firing of neurons of the c-group and r-group correlates well with the shift in relative phase of radular closure and retraction used to distinguish ingestion from egestion in the animal.
During the retraction phase of an ingestion, the radula is retracted beyond the rest position and rotated backward. B 11 and B 15 innervate the 14 muscle, and stimulation of these neurons evokes a retraction and backward rotation of the radula (Jordan et al. 1993 ). We report here that both Bl 1 and B15 are typically active during iBMPs but not eBMPs. This has previously been reported for B15 in the behaving animal (Cropper et al. 1990a ). These differential firing patterns suggest a neuronal correlate to differences in radular positioning during ingestive and egestive behaviors. B48 innervates the 18 muscle and evokes protraction and opening of the radula. B48 is active during protraction of the radula during iBMPs, but is relatively silent during eBMPs. This finding correlates well with the behavioral observation that the radula is open for protraction during ingestion, but closed for protraction during egestion (Morton and Chiel 1993a) . This also suggests that other neurons are responsible for causing the protraction of the radula associated with egestion. Indeed, chronic extracellular recordings from the 12 muscle have associated activity in that muscle with protraction of the radula during both ingestion and egestion in a behaving animal (A. J. Susswein, personal communication).
Ingestion can be further categorized into biting and swallowing. During a swallow, the radula is never fully protracted and is retracted for a longer period than during a bite (Cropper et al. 1990a; Kupfermann 1974a) . The extended retraction of the radula has been associated with an increase in the period that B 15 and B 16 are active together (Cropper et al. 1990a) . Recent evidence suggests, however, that cycle duration may not be a useful criterion with which to distinguish bitelike from swallowlike BMPs in reduced preparations. It has been observed that cycle durations of both iBMPs and eBMPs recorded in a reduced preparation can be up to two times greater than those recorded in the behaving animal (Morton and Chiel 1993b) . Indeed, the cycle durations we observed in our preparation often exceeded what might be expected from behavioral observations (Cropper et al. 1990a; Kupfermann 1974a; Rosen et al. 1982b) . One factor that may contribute to the long cycle duration is the absence of much of the proprioceptive feedback in reduced preparations. Indeed, behaving animals have been observed to greatly modify their feeding behavior on the basis of food texture and hardness (Chiel and Susswein 1993; Jahan-Parwar et al. 1983; Schwarz et al. 1988; Schwarz and Susswein 1992; Susswein et al. 1986 ). However, in several experiments in which the nerves that provide most of the innervation of the buccal mass (radula, n 1, n2, n3) were left intact, the cycle duration recorded in identified neurons during evoked BMPs was within the range recorded in preparations in which n 1, n2, and n3 were cut.
Two separate lines of evidence suggest that the CBI-2-evoked BMP is bitelike rather than swallowlike. First, bites can be evoked in a behaving animal in response to chemosensory stimuli alone. However, a swallow requires both chemosensory stimuli and tactile stimulation of the buccal cavity. Upon exposure to seaweed extract, CBI-2 is depolarized and fires spikes at frequencies capable of eliciting iBMPs (Rosen et al. 199 1) . Second, in intact feeding animals Bl and B2 fire specifically during swallowing movements at frequencies up to 3 Hz (Lloyd et al. 1988 ). We 14. Schematic illustration of the relative activity in each of the neurons in this study during a "typical" iBMP and eBMP. Empty rectangles indicate periods of subthreshold depolarization when located above the baseline, periods of hyperpolarization when located below the baseline, and mixed input when located both above and below the baseline. Shaded rectangles indicate periods of relatively low-frequency spiking, solid black rectangles indicate periods of relatively high-frequency spiking. This schematic is a stylized representation of the activity recorded in these neurons during evoked BMPs and is meant to emphasize the most marked phasic membrane potential cycling consistently exhibited by these neurons. Suprathreshold activity in these neurons was quite variable (see text). During iBMPs, spiking begins 1 st in select p-group neurons, followed by relatively low-frequency spiking in c-group neurons. Relatively high-frequency spiking in the r-and c-group neurons then occurs coincident with the hyperpofound that Bl and B2 usually cycled below threshold and rarely evoked > 1 or 2 spikes during CBI-2-evoked BMPs. On the basis of these observations, we believe, as has previously been suggested (Rosen et al. 199 1 ) , that the iBMP evoked by CBI-2 stimulation is likely a bitelike rather than swallowlike BMP.
Neurons Jire in patterns that would release conventional aHd peptide cotransmitters
Endogenous neuropeptides have been shown to have profound effects in the buccal neuromuscular system. Application of these peptides to the buccal ganglia can affect many aspects of the neuronal circuitry, including the initiation and modulation of BMPs (Sossin et al. 1987) . At the periphery, these neuropeptides are capable of modulating the amplitude and relaxation rate of evoked contractions (Church et al. 1993; Cropper et al. 1990b; Lotshaw and Lloyd 1990; Whim and Lloyd 1990) . Much of our previous research has focused on the expression and release of conventional and peptide transmitters from motor neurons. The stimulation requirements for the release of these transmitters, as well as the physiological consequences of that release, have been determined in a number of cases (Church et al. 1993; Cropper et al. 1990b; Weiss et al. 1992; Whim and Lloyd 1989 Whim et al. 1993 ). It appears that individual neurons regulate the release of their peptide transmitters differently. For example, whereas relatively high-frequency extended bursts of spikes are required for the release of peptide transmitters from several buccal neurons (for example B 15, B38, and B47), B 1 and B2 release peptide transmitters in response to single spikes (Whim and Lloyd 1993) . It is interesting to note that in the present study, Bl and B2 are the only neurons that did not fire spikes in high-frequency extended bursts during evoked feedinglike BMPs (see also Lloyd et al. 1988) . Thus these neurons appear to fire spikes in patterns capable of releasing both conventional and peptide transmitters.
Multiple motor innervation may serve to shape evoked muscle contractions Fibers of the anterior jaw muscle, 13a, are innervated by the excitatory motor neurons B3 and B38, and the inhibitory motor neuron B47. B3 also innervates more medial larizing step in the p-group neurons. When spiking ceases in the c-and p-group neurons, a short burst of spikes is elicited in select p-group neurons, and the cycle repeats. An eBMP begins with an initial phase characterized by a burst of spikes in B4, B5, and B47 and a variety of inputs to the remaining neurons. This initial phase is followed by l-4 cycles, which begin with a burst of spikes in the c-group neurons.
This activity terminated before the onset of depolarization and spiking in the r-group neurons. This is in contrast to the overlapping spiking activity recorded in the c-and r-group neurons during iBMPs. The marked hyperpolarizing step recorded in the p-group neurons is coincident with a depolarizing step and spiking in the r-group neurons, as was the case during iBMPs. With the exception of the inhibitory motor neuron B47, identified p-group neurons typically did not fire during eBMPs. The associated positions of the radula and jaw are indicated at the bottom of the figure. Positions were estimated from the known muscle innervation patterns and evoked movements as well as observed movements in freely behaving animals and reduced preparations during evoked BMPs; protracting ( Pro), retracting ( Ret), opening (Open), closing (Close). Note that B7 is categorized as a c-group neuron during iBMPs and as a r-group neuron during eBMPs.
parts of the muscle (Church and Lloyd 1993; Church et al. 199 1) . Activity in B3 contributes to retraction of the radula as well as contraction of the jaw, whereas that in B38 contracts only the anterior jaw. During the iBMP, a burst in B3 precedes that in B38. Functionally, this may ensure that the radula is retracted before the closing of the jaw. In addition, B47 fires a short burst during the B38 burst and after a brief period of inactivity, continues to fire during the period when B3 and B38 are inactive. The activity in B47 can shape the activity evoked by the excitatory motor neurons in a number of ways. First, B47 can evoke cholinergic inhibitory junction potentials (IJPs) in 13a that inhibit B3-and B38-evoked contractions via a primarily postsynaptic mechanism (Church et al. 1993) . In both crayfish (Kramer et al. 198 la, b) and locust (Pearson 1982-3; Pearson and Goodman 198 1 ), inhibitory neurons have been implicated in blocking inappropriate muscle contractions by inhibiting excitatory motor neurons, although in those cases the inhibition is largely presynaptic. In addition, when B47 is stimulated in high-frequency extended bursts similar to those recorded during iBMPs and eBMPs, subsequent evoked muscle contractions are enhanced, due at least in part to the release of the myomodulins from B47 (Church et al. 1993 ) . Further, when activity in the inhibitory motor neuron, B47, overlaps that in the excitatory motor neurons, the corresponding contractions are reduced in amplitude, even though the excitatory motor neuron continues to fire. The physiological result of this may be quite distinct from merely interrupting or presynaptically inhibiting the burst in the excitatory motor neuron. Both B3-and B38-evoked EJPs exhibit a marked facilitation. Because the excitatory motor neuron continues to fire spikes during the inhibition, it continues to release its conventional transmitter at a facilitated level, as well as its peptide transmitters. Therefore, when activity in the inhibitory motor neuron ceases, the excitatory motor neuron may evoke a contraction that is much larger than it would have been if the burst had been interrupted. Thus activity in B47 may serve to not only block inappropriate contractions, but also to specifically shape the subsequent B3-and B38-evoked contractions.
Shared circuitry
Commonly, overlapping populations of muscles, motor neurons, and premotor neurons are used to generate several behaviors. Often the activity recorded in an individual muscle or neuron during distinct motor programs is nearly identical, and only when the relative activity of several units is compared can a particular motor program be identified (Bekoff et al. 1987; Gelfand et al. 1988; McClellan 1982a,b; Mortin and Stein 1989) . Our study indicates that an overlapping population of buccal motor neurons are involved in the generation of both egestion and ingestion in Aplysia. Indeed, individual bursts recorded in many buccal neurons were very similar during iBMPs and eBMPs. For example, r-group neurons B6, B9, B 10, B43, B44, and B45 each fire at up to 10 Hz for similar periods during both iBMPs and eBMPs. It is the timing of activity in these rgroup neurons relative to that in c-group neurons that distinguishes iBMPs from eBMPs. However, the activity of some neurons is quite different depending on the BMP. For example B 11, B 13, B 15, B38, B39, and B48 each fire bursts of spikes during iBMPs but are largely silent during eBMPs.
An important question is whether ingestion and egestion are under the control of separate CPGs or produced by a modulation of a single CPG. Although an unequivocal answer is beyond the scope of this study, there is evidence suggesting that there is at least a significant overlap in the ingestive and egestive CPG circuitry. A number of putative CPG neurons have been identified (Miller et al. 1993; Plummer and Kirk 1990; Rosen et al. 1982a Rosen et al. , 199 1, 1993 Susswein and Byrne 1988) . Some of these neurons appear to be active during both iBMPs and eBMPs (Rosen et al. 199 1; Susswein and Byrne 1988 ) , as are multifunction buccal neurons B4 and B5. Furthermore, the marked steplike hyperpolarization observed in the p-group neurons and the coincident depolarizing step in the r-group neurons are present during both iBMPs and eBMPs, suggesting a sharing of premotor elements for both BMPs. Conversely, different premotor elements are likely to be responsible for eliciting the spiking activity in c-group neurons during ingestion and egestion. Neurons in the c-group are active just before and coincident with r-group neurons during iBMPs but are active out-of-phase with r-group neurons during eBMPs. Activity in c-group neurons is associated with a broad, slow depolarization during iBMPs but is associated with large discrete EPSPs during eBMPs (also see Morton and Chiel 1993b) . Thus different synaptic inputs contribute to the different activity patterns observed in c-group neurons.
The neuronal circuitry underlying feeding in Aplysia is similar to that described in Lymnaea. A commandlike neuron, the slow oscillator (SO), as well as three groups of motor neurons, the protractor (P), retractor 1 (R 1 ), and retractor 2 (R2) neurons have been identified in Lymnaea. In addition, a number of identified premotor neurons constitute three subnetworks (N 1, N2, and N3) of the CPG. Stimulation of the SO activates sequential N I-N2-N3 cycling. The resulting rhythmic cycling in identified P, RI, and R2 motor neurons can be explained by their characterized inputs from the premotor neurons (Benjamin 1983; Benjamin and Elliott 1989) . Although many premotor neurons have been identified in the Aplysia feeding circuit, further characterization is required before assigning their roles within the CPG. The present study provides a framework for characterizing these premotor neurons. Attention should be placed on identifying not only the activity patterns of premotor neurons during both iBMPs and eBMPs, but also their evoked responses in motor neurons in each of the p-, c-, and r-groups. This could determine whether the out-of-phase relationship of the p-and r-groups is maintained by differential input from an overlapping population of premotor neurons or by the activity in different populations of premotor neurons. In addition, activity in CPG neurons must explain how activity in B7 most closely resembles that recorded in c-group neurons during iBMPs and r-group neurons during eBMPs. Of particular interest is the identification of the differential inputs to the c-group neurons B8A, B8B, and B16 during iBMPs and eBMPs, which underlies the behavioral switching between ingestion and egestion.
